(mass movement distribution analysis and geologicalgeotechnical mappings), or through the application of mathematical models (deterministic and probabilistic models) [Montgomery and Dietrich 1994 , Soares et al. 2002 , Araújo 2004 , Pereira et al . 2012 , Macedo and Bressani 2013 .
The probabilistic approach enables delimiting units of the area, according to the susceptibility degree, using an event model and a set of geo-referenced spatial variables [Soares et al . 2002] . By assuming the idea that the landslides result from the combination of favorable conditions, it is possible inferring the existence of functional relations between the distribution of these landslides and their respective determining factors ; thus, making it possible calculating the probability of these landslides to occur, as well as generating maps with distribution values organized by susceptibility classes.
The present study used the weight-of-evidence technique [Bonham-Carter 1994] , based on the main Bayes' theorem on conditional probability, in order to identify the environmental conditions ruling the spatial distribution of landslides, as well as to propose and test the susceptibility models in the area corresponding to Blumenau County, Southern Brazil.
STUDY AREA
The study area comprises Blumenau County, which is located in Santa Catarina State, Southern Brazil (total area : 520.9 km 2 ) ( Fig. 1) . The organization of the geological-geomorphological facts, by taking into account the distribution of lithostructural constrains, allows identifying that the morphostructural domains of the Luiz Alvez craton and of Dom Feliciano Belt (both of Neoproterozoic age) are represented in the study area [Basei, 1985 ; Castro et al ., 2003 IBGE , 2004 b ; Basei et al ., 2011] .
The gneisses of the Santa Catarina Granulite Complex prevail in the Luiz Alves craton domain. The area contains shapes resulting from the modeled of dissection, due to erosive processes bounded to the rainfall and riverine dynamics. The hilly, knoll and mountainous relief types prevail in the area, as well as phases between plan and mountainous, mostly of open "V" shaped valleys, dentritic drainage, structuralsculptural control, and low to medium riverine dissection [IBGE 2002 b] . The hillsides are mainly formed of Haplic Cambisol and Red-Yellow Argisol, the depth hardly overpasses 15 meters. Dom Feliciano belt is represented by the foreland and supracrustal domains (São Miguel Complex and Brusque Group) [Basei, 1985 ; Castro et al ., 2003 ; Basei et al ., 2011] . The intrusive bodies differentiate themselves in the Faxinal and Guabiruba granites, as well as through the acidic (Proterozoic Mid-Superior) and basic (Paleozoic) dykes [Hartmann et al ., 1979 ; Kaul , 1980 ; Silva and Dias, 1981 ; Basei, 1985 ; Awdziej et al ., 1986 ; Caldasso et al ., 1995 ; Castro et al ., 2003 ; Schroeder, 2006 ; Basei et al ., 2011 ; Iglesias et al ., 2011] .There are areas where the relief presents higher dissection degree, shaping mountains and escarpments with sharp altimetric contrasts caused by high slope. These areas predominantly present wavy and escarped reliefs, thin drainage density, and deep valleys (closed "V" shaped), which are often balanced by discontinuous floodplans located in high river courses belonging to the hydrographic basin of the Itajaí-Açu River [IBGE 2002 b] . The hillsides of this domain are mostly composed of Litholic Neosol, Haplic Cambisol and Red-Yellow Argisol, and the depth rarely exceeds 5 meters.
The alluvial deposits fill the terraces, planes and respective riverbeds in the study area, which mostly presents psamo-pelitic detritical sedimentation and is composed of Fluvisol, Haplic Geysol and Haplic Cambisol, with thickness often greater than 15 m.
The Atlantic Forest is represented by strongly altered remnant forests undergoing a process of secondary succession, which results in a mosaic pattern where all successional stages are manifested in International Journal of Erosion Control Engineering Vol. 11, No. 3, 2019 [Vibrans et al . 2013 .
The climate in the region can be featured as temperate humid with warm summers and mild winters (Cfa) according to Köpppen's classification [1948] , as well as mean annual temperatures between 18 and 20 and mean rainfall varying between 1600 and 1800 mm.
The extreme meteorological event from November 2008 can be understood as the association of two scenarios that have predisposed the general manifestation of instability in embankments and natural hillsides in the study area [Silva Dias 2009 , Severo 2009 ]. The first scenario resulted from the accumulation of continuous rain from July on. The rain got more intense from October of the same year on, when the first abnormalities were recorded and showed accumulated values (353.2 mm), which have exceeded three times the historical mean [Silva Dias 2009 , Severo 2009 . The second scenario started to shape up from November 18 th on, and it had its peak in the 22 nd and 23 rd of the same month, when the recorded total daily rainfalls were approximately 250 mm. The accumulated value within the mentioned month resulted in 1,001.7 mm ; thus, exceeding six times the historical mean [Severo 2009 ]. The occurrence of the landslides herein used as reference can be bounded to different phases of the event, mainly in the second scenario, where the most intense rainfalls got concentrated in.
MATERIALS AND METHODS
The susceptibility analysis stages conducted through the application of the weight-of-evidence technique can be synthesized as follows : i) preparing the thematic maps of the potentially useful evidences in order to predict the favorable places for translational dynamics landslides to occur ; ii) selecting and defining the training points obtained through the inventory of landslide scars ; iii) determining the probabilities a priori ; iv) determining the Bayesian weights (W and W ) of each theme/evidence by having in mind the frequency relations observed between the evidence and the landslide scar-this phase is also called favorability estimate ; v) generating the binary reclassification to minimize the spatial association, due to the selection of favorable classes, by calculating the contrast (C) and the confidence value (Studentized Constrast S(C)) ; vi) integrating the binary maps and determining the probability a posteriori ; vii) applying statistical tests to assess the independence condition of the information planes and identifying the best combination scheme among the selected themes ; viii) conducting test to validate the generated predictive models through the classification efficiency analysis ; ix) selecting and defining the best model and elaborating the susceptibility map.
Data obtainment and preparation
Seven evidence themes were used according to the available data applicable to the adopted reference scale. The selected themes represent the potential favorability indicators to compose the landslide susceptibility models , namely : geological units , the morphostructural lineament distance range, aspect, plan and profile curvature, slope and normalized difference vegetation index (NDVI). The list of evidence themes used in the favorability analysis and their respective data sources and reference scales are shown in Table 1 .
The geological units map results from the integration of data from distinct sources [Basei et al. 2011 ; Iglesias et al . 2011 ; BLUMENAU , unpublished] . These data represent the geology of the area through different mapping scales. The rectilinear topographic expressions were adopted as the criteria to identify the morphostructural lineaments. These lineaments were based on the interpretation of the relief map, which was shaded with simulated lighting in different directions and derived from the digital terrain model (DTM). The DTM was used to conduct the basic derivations of the topographic data through Table 1 List of evidence themes used in the favorability analysis and the composition of landslide susceptibility models in the study area the calculation of the primary and secondary attributes of the relief (clinography, profile and plan curvature, slope orientation and shading maps). The data used to elaborate the digital terrain model (DTM) of the study area derived from the planialtimetric base of Blumenau County, which resulted from the replacement of the aerophotogrammetric survey [Aeroimagem 2003 ]. This survey was conducted in the 1 : 10,000 scale, using equidistant level curves at 5 m. Data from the Thematic Mapper (TM) sensor of the satellite plate Landsat 5 (TM 3 and TM 4 bands), at 30 m resolution, were re sampled and used to calculate the NDVI.
The definition of the training points (landslides) counted on the screening and complementation of the Geology, Analysis and Natural Risk Bureau of Blumenau County City Hall database [BLUMENAU, 2012 b] . The inventory of landslide scars was conducted through field screenings supported by the visual interpretation of satellite images (QUICKBIRD , mosaic from 2008 and 2009, and spatial resolution at 60 cm). The criteria used to distinguish the different parts of the movement were adapted from the proposition by Highland and Bobrowsky [2008] . The polygons of each considered scar concerning the depletion area were outlined. From this point on, a training point was defined, and it corresponded to the centroid of the depletion area, according to the approach adopted by Poli and Sterlachini [2007] , Neuhauser and Terhorst [2007] , Dahal et al . [2008] and Pereira et al . [2012] .
Of the 860 gravitational movements mapped in the study area, 294 were selected as training points for the favorability analyses. The events whose scar geometry and rupture surface suggested translational dynamics (simple flat surfaces, or surfaces with the intersection of more than one rupture/landslide plane) were taken into consideration. The typical cut-slope and landfill events (n = 566) were not taken into consideration, because they would represent the induced susceptibility conditions.
The depletion zones of the 294 translational landslides used as reference cover an area of approximately 76 x 10 2 km 2 . According to the herein adopted spatial resolution, these depletion zones correspond to 30,455 area units (pixels). The mean size of the depletion zones is 3 x 10 3 km 2 ; the smallest area is 203 x 10 6 km 2 and the largest one is 19,010 x 10 6 km 2 .
Data analysis
The weight-of-evidence technique was used in the present study [Bonham-Carter 1994] .
The definition of the size of the area unit for the favorability analysis followed the spatial resolution, which derived from the used planialtimetric base, i. e., 25 x 10 6 km 2 . The probability value was a priori 14 x 10 6 , and it was adopted as the function of the approach that was used to represent the depletion zones through the centroid point (294 training points) and the size of the studied area (20,836,777 sampling units).
The procedures used to calculate the weights (W and W ) were applied to the geological (geological units and negative lineament distance ) , geomorphological (aspect, plan and profile curvature, and slope) and ground coverage data (NDVI). The theme 'lineament distance' was analyzed through the ascending cumulative method, whereas the other themes were assessed through the categorical method.
Fifteen different combinations between the evidence themes were generated according to the favorability analysis in order to set the probability a posteriori, and to identify the results that better met the independence requirements of the data and that had the best adjustment concerning the classification and prediction efficiency.
The conditional independence between the evidence themes of each compartment was assessed through two global analysis tests, namely : the Conditional Independence Ratio test (CIR) [Bonham-Carter 1994] and the Agterberg and Cheng Conditional Independence Test (ACCIT) [Agterberg and Cheng 2002] . The independence hypothesis test was conducted through the adoption of confidence interval at 98% probability (z 2.33). Thus, the highest value of the indicator 'ACCIT' was used as the criterion to select the model that better meets the independence requirements.
The results of the evidence themes' favorability analysis will be presented for those that have composed the combinations that meet the independence requirements, only.
The quality of the adjustments in the models, concerning the classification efficiency and by taking into consideration the training points and the efficiency prediction, was assessed through the Success Rate Curve (SRC) ; the Area under Curve (AUC) was used as reference to assess the model adjustment. The AUC values were calculated according to suggestions by Sawatzky et al . [2007] .
The models that have met the conditional independence requirements and that have presented reasonable classification and prediction efficiency indicators were re-classified, and it resulted in four classes representing different levels of susceptibility to landslides, namely : low, medium, high and very high susceptibility. The limit set to define the medium class susceptibility was the probability value a priori. The other classes were based on the significant inflection points in the distribution curve of the probability International Journal of Erosion Control Engineering Vol. 11, No. 3, 2019 values a posteriori ("CAPP Curve") in relation to the accumulated area ratio, as suggested by Sawatzky et al. [2007] . It is a relative classification applied to the study area alone, according to its susceptibility (probability a posteriori). As a principle, the aim is to include the largest number of landslides in the higher classes, in a minimum area [Macedo and Bressani 2013] .
The Arc-Spatial Data Modeler ( ArcSDM ) application, version 4 [Sawatzky et al . 2007 ], operating with free extension in the ArcGIS 9.2 (ESRI ) platform, was used to accomplish the favorability analysis stages, as well as the composition and validation of the susceptibility methods.
RESULTS AND DISCUSSION
Among all factors used in the favorability analysis, slope is the only factor that keeps straight link to the forces that rule the stability of the hillsides. Fifteen integration combinations (models) of slope weights were simulated with those obtained in the other evidence themes. Table 2 presents the list of models and the results of the global analysis of the spatial independence of the data.
According to the data shown in Table 2 , just the three first models have met the data independence requirements if one considers the CIR and ACCIT values. Among such models, only model 2, which composed the weighted values of the favorable classes of the plan curvature and slope themes, has presented the best data independence indicators.
Regarding the results of the other simulated models (Table 2) , it is possible noticing that the integration of the themes 'geological units', 'aspect' and 'NDIV' implied the violation of the data independence condition. Thus, it invalidates the propositions resulting from the adoption of these themes in the composition of the susceptibility prediction models developed for the study area.
The importance given to the disposition of the relief features associated with the morphostructural lineaments (Evidence'2') is shown by the influence exerted on the modeling [Soares and Fiori, 1975] , which predisposes the occurrence of mass movements according to the main features outlined in the study area. All the landslides were recorded up to the maximum distance considered so far ; therefore, 76% of them were distributed up to 300 m (maximum contrast value) ( Table 3) .
By considering the spatial distribution of the landslides concerning the curvature plane, it is possible noticing that 57% of the events were recorded in the convergent aspects ; 35% of them, in the divergent surfaces ; and 8%, in the rectilinear surfaces ( Table 4) . As for the spatial association, those presenting convergent curvature plane meet the favorability requirements ( Table 4) .
The results converge to the assumption that the laterally concave segments would be the most favorable to landslide occurrences [Wilson and Dietrich, 1987 ; Selby, 1982 ; Dikau, 1994 ; Mckean et al ., 1991 ; Fernandes and Amaral , 1996 ; Matsushi et al ., 2006] . The hydric flow concentration, guided by Table 2 List of integration schemes of the different evidence themes and the results of the global analysis of the spatial independence of the data. International Journal of Erosion Control Engineering Vol. 11, No. 3, 2019 the laterally concave shape, leads to the formation of areas presenting different hydric saturation intensities. It is often rendered by the landscape locations presenting the greatest subjection to apparent cohesion reduction or to critical positive pore pressure conditions, mainly during intense rainfall events [Montgomery and Dietrich, 1994 ; Fernandes et al ., 2001 ; Fernandes et al ., 2004 ; Vieira and Fernandes 2004 ; Ahrendt, 2005 ; Fiori and Carmignani, 2009] .
Regarding the curvature profile, 52% of the landslides were recorded in the convex segments ; 44%, in the concave ones ; and 4%, in the rectilinear segments (Table 5) . However, the convex segments are those that have presented significant positive contrast values in the study area ( Table 5 ). The contrast value of the concave hillsides, although positive, is not significant according to the herein adopted criterion ( Table 5) .
The erosion of the vertically projected rectilinear slopes is limited by the weathering degree, thus conditioning the maintenance of thinner soils and the subparallel linear flow. The concave hillsides, on their turn, result from the balance between transportation and deposition, whereas the convex hillsides tend to present relatively more thick soils where the erosion is limited by the transportation capacity [Summerfield , 1991 ; Soares et . al . , 2002 ] . The increased transportation capacity may result from the changes in the stability relations promoted by the hydric flows in the stochastic events, which suggests that the relief movement in the study area is carving the surfaces that supposedly present more thick soils in the limited balance condition.
Regarding the aspects concerning the stability of the hillsides, the influence of slope is bounded to the magnitude of the acting gravitational forces. Such magnitude is expressed through the weight of the materials constituting the aspects in each area unit. The maximum slope angle achieved when the rupture occurs can be seen as the limit angle of stability, depending on the type of material under analysis [Holtz and Kovacz, 1981 ; Summerfield , 1991 ; Fiori and Carmignani, 2009] . The present results show that the landslides took place in surfaces presenting slopes between 10 and 75 ( Table 6 ).
The slope ratio presenting significant favorability values for landslide occurrences in the study area was between 20 and 75 ; the confidence values stood out in the slope ratio between 25 and 75 ( Table 6 ). The variation range of the favorable slope ratio is a strong indication of the variety of materials involved, as well as of the differentiated action of the instability mechanisms.
As for the validation of the models, the result found through classification and prediction efficiency analysis showed different responses from one model to another ( Table 7) . The highest classification efficiency (AUC 1 = 0.80) has resulted from the integration of weights represented through model 1. Models 1 and 3 have presented the highest prediction efficiency values (AUC 2 =0.69). Based on the interpretation of the curves resulting Table 4 Favorability for translational landslides in the plan curvature classes of the hillsides Table 6 Favorability for translational landslides in the slope classes Table 5 Favorability for translational landslides in the profile curvature classes of the hillsides from the link between the probability values a posteriori and the accumulated rate in the total area (CAPP Curves), it was possible identifying the limits able to set the susceptibility classes of each model that has met the data independence condition. Thus, the respective susceptibility classes were defined as low, medium, high and very high. Table 8 presents the distribution of probability values of the susceptibility classes a posteriori, as well as of the respective values concerning the coverage area, the training points and the total depletion area.
It is possible identifying that the probability a posteriori has varied from 4 to 6 times the probability value a priori ( Table 8) . The high and very high susceptibility conditions have varied from 15% (model 1) to 28% (model 3) of the study area.
The spatial distribution of the susceptibility classes in model 1 is shown in Fig. 2 .
The selected models resulted from the combination of the calculated weights of predisposing factors which are often associated with the occurrence of landslide scars in the technical-scientific literature [CPRM and IPT 2014] , namely : morphostructural lineament distance, plan curvature, profile curvature and slope.
The combination between these factors may reflect the combined action of geological, geomorphological and hydrological-pedological aspects influencing the distribution of landslide scars [Stabile et al . 2013 ; CPRM and IPT 2014] .
CONCLUSIONS
By applying the weight-of-evidence technique to predict the areas susceptible to translational landslides in Blumenau County, it was possible objectively setting the spatial relations between determining factors and the known events.
The calculated weights of multiple factors were combined and the models resulting from the combination of data that have presented significant spatial independence were selected according to the independence analyses.
Regarding the study area, three susceptibility models have met the assumed spatial independence between data ; they have presented slight differences concerning the classification and prediction efficiency. Table 7 The classification and prediction efficiency indicators of the translational landslide susceptibility models that have met the conditional independence requirements. The model integrating the values of the classes in the factors 'morphostructural lineament distance', 'plan curvature' and 'slope', has presented the best final adjustment.
It was possible identifying that the high and very high conditions have varied from 15% to 28% of the study area in the potential landslide generation areas according to the selected models.
The relative classification of the generated models applicable to the study area, only, have indicated the places where the propensity for landslide generation is higher or lower. However, it did not indicate the trajectory and range of the deployable materials or their impact power.
Despite the limitations inherent to the application of the weight-of-evidence technique, the herein found results provided adequate and valid measures (according to the adopted event model and the modeled conditions) to predict the areas susceptible to translational landslides in the study area, in the scale 1 : 25,000.
Although the models have presented reasonable classification and prediction efficiency indicators, depending on the used event model, these indicators must be the object of external validation analysis, mainly after the occurrence of new naturally triggered events.
The herein presented zoning meets the framing requirements at basic level. Due to the scale function, this zoning represented the performed semi-regional or semi-detailed studies.
Accordingly, the identification of areas with the highest potential for landslide manifestations , according to the modeled conditions, represents a useful instrument to the preliminary identification of the priority areas for the management of more detailed risks.
Still, the favorability analysis results, mainly of the significant slope values ( 25 ), can be adopted as auxiliary delimitation criteria in the study area in a more detailed scale of the danger zones, according to the developing methodology, through the Project for Strengthening National Strategy of Integrated Natural Disaster Risk Management. (GIDES Project Brazil x Japan)
The elaborated susceptibility models resulted from a developing approach, which was based on spatial and available determining factors. It is possible that other factors not included in specific situations are prone to further integrations, since they were available and presented significance within the adopted reference scale.
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